When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Peer-Review Process File, and will therefore be available online to the community.
Thank you for the opportunity to consider your work for publication. I look forward to your revision.
REFEREE REPORTS:
Referee #1:
Anokhina et al take advantage of state-of-the-art biochemical purification of human spliceosomal B, Bact and C complexes to carry out structural probing of RNA using a variety of base-modifying chemicals as well as psoralen-mediated crosslinking. The results are then used to build a model of the core RNA network at catalytic step I, guided by homology with the catalytic center of a group IIC intron.
While abundant information about base pairing interactions and potential spatial proximity of snRNAs and pre-mRNA sequences had been gathered over the years through genetic and biochemical experiments in yeast and mammalian cells, the approach of Anokhina et al remains unique because it allows structural probing at high resolution in purified, individual catalytically active complexes.
The results not only confirm previous interactions but they also provide a wealth of new, decisive evidence to support particular structures among alternative conformations that have been debated for years. They also reveal novel tertiary interactions and delineate the possible architecture of the conformational transition between catalytic steps 1 and 2, arguing for the existence of a single catalytic center, as observed in group II introns. Therefore both the approach and the insights obtained are novel and will be of interest for researchers interested in splicing mechanisms, RNA/RNP structure/ dynamics and in mechanisms of biochemical catalysis.
I have only two suggestions for the authors' consideration:
1. Most schemes in the figures would benefit from labeling the different RNA species (e.g. U2, U6, pre-mRNA) with different colors, such that it is easier to follow the base-pairing schemes and threedimensional conformations together with the text. This is a highly sophisticated paper and the general reader will appreciate every effort to make the data more digestible.
2. While the discussion is extensive and detailed, the absence of evidence for helix IIC is interpreted on page 18 as absence of genuine base pairing interactions, in contrast with the proposals of Staley and Ares (Hilliker et al 2007; Perriman and Ares, 2007) using genetic interactions in yeast. Although I am not an specialist, it seems unlikely to me that the extensive data provided by these groups can all be interpreted as "spatial proximity of functional importance" not involving base pairing. Perhaps the interactions occur in alternative or intermediary conformations not captured by probing purified -and to some extent stalled-complexes.
Referee #2:
In this manuscript, the group of Reinhard L¸hrmann probed the reactivity of snRNA and pre-mRNA nucleotides present in B, Bact and C splicing complexes to various chemicals. Reactivity to various compounds and changes observed between various complexes were interpreted to reflect RNA structure and its alteration as spliceosome assembly progresses. This information was finally combined with the available structure of a group autocatalytic intron to propose a structural model of the spliceosome active core.
This manuscript reports an impressive amount of work. As often for structure probing experiments, the manuscript is rather difficult to read because experiments present detailed results; it is likely that few readers of the EMBO journal beside specialists will have the patience to read the result part. The main conclusion will, however, be of interest to a wide readership. The quality of the experiments is good. Two improvements would have strengthened this analysis. First, the authors could have used phophorimager data to quantify changes in reactivity rather than using rather subjective assessments. More importantly, the mapping of the psoralen cross-linking data ( Figure 5 ) is not convincing. While Fig. 5A shows clear changes in cross linking in U5 snRNA U40, reactions with U2 and U6 (panels B and C) show little variation between "bands" and little differences to controls, such that it is impossible to conclude that cross links occur between the proposed regions. For the pre-mRNA (panel D) some bands do change in intensity but no analysis of the free premRNA is presented as controls. Obviously, the absence of convincing data with this approach alters somewhat the strength of the overall conclusion. Altogether, this manuscript presents a model of interest but the data supporting it should probably be strengthened before publication. Moreover, their presentation should be improved (see also below). A revised manuscript may be of interest to the wide readership of The EMBO Journal.
Other points:
- Figure 1A : The various gels are poorly aligned making it difficult to compare data. This could easily be improved. -A major concern in this paper is the poor representation of the literature concerning interactions at the basis of the final model. For example, the authors argue that U5 snRNA does not participate in the first step, referring to data indicating that the U5 snRNA loop is not required for this reaction. Yet, the dispensability of this element may just reflect redundancy. Evidence for the base paring of U5 snRNA to exons 1 before the first step has been presented by Newman and colleagues and should be quoted. Similarly, evidence for base pairing of the U6 snRNA to the 5' splice site is discussed throughout the paper (e.g., page 3, line 14; page 10 line 9 from bottom, Figure 8 ) without reference while a reference to a very hypothetical U5-U2 interaction is given (page 4, line 3). Page 3, line 3: complex E is not presented. Why? Page 2, line 3 from bottom: beside DExD/H helicases, the spliceosome contains a GTPase and there is evidence for its implication in splicing complex dynamic. Why is this not presented? - Figure 8 : The structural model is very difficult to visualize because the same color is used for different RNAs. It is sometime impossible to define which molecule is which. Figure S6 is already much more informative and easy to understand than Figure 8 . But the authors could probably clarify everything by using a single color per RNA molecule. Also, the authors should link residues of the 5' splice site and U6 together or explain in the figure legend why there is a gap at this level. Finally, the authors should indicate where the model structural parameters would be deposited. -Page 4, line 2 from bottom: The authors mention C377. They should specify from which intron from which species, else this is not informative. -Page 15, line 3 from bottom: "We tested the idea that the spliceosome and group II intron share a homologous core structure" is not correct because this possibility was not tested but rather used as a basis for modeling.
Referee #3:
This paper is a brilliant example of how NOT to write a paper. Unless the reader has memorized the structures of all the human spliceosomal snRNAs and their stem-loop designations, as well as the structures and nomenclature of all the snRNA-snRNA interactions that have ever been published, the manuscript is impossible to read because the authors do not make clear what they are talking about. It appears that important unresolved questions concerning the spliceosome as a ribozyme are being addressed and the data are impressive. However, the results and conclusions will be valueless to the scientific community unless the presentation is completely overhauled.
Some general problems as examples:
-The abstract never says what method was used to examine RNA secondary structures and tertiary interactions! It further assumes that the reader knows what U5 loop 1 and U2 stem-loop IIA and IIC are.
-To read even the introduction, figures of U2, U5, and U4/6 are needed with ALL stems designated. -The paragraph on page 4 that talks about a "shortened helix I" makes no sense because we do not know which helix I is meant. There is no helix I marked in Figure 2 . The three-way junction is not labeled in Figure 2 or its legend.
-In many instances, where there is a relevant figure depicting an RNA structure, it is not referred to in the text. -The two pre-mRNAs used should be diagramed in the Supplements. -On page 7, what is the "capping loop"? -It is not clear how the complexes were affinity-purified for analysis, what kind of beads were used, etc.
-It needs to be shown where the antisense oligonucleotides target the snRNAs.
-Helix Ia/b and helix II should always be referred to as U2/U6 helix Ia/b and U2/U6 helix II, ETC. Often the snRNA is not designated in the text.
More specific points:
1. The manuscript is generally overloaded with data; therefore the authors need to remove any duplicate sets of results, e.g. in Figures S2 and S3.
2. In Figure legends , redundant information, which can be inferred from gel markings, should also be removed. Examples of such redundant information are the lengthy descriptions of what the "+" and "-" stand for wherever modification reagents or psoralen are added or omitted.
3. The quantification of the chemical mapping results is shown in Fig. S1 , but the authors never explain how they integrated the bands (e.g. what software was used), if they accounted for background, or how they determined whether a modification was "weak, medium, or strong".
4. The 3D homology modeling needs to be described better. For example, why did the authors choose to use fragments of tRNA and 5S rRNA 3D structures in their overall model? It is also necessary to expand upon the description of this approach in the Methods section; particularly the part about "fine tuning" the model is very vague. Also, when we tried to access the Manip program cited, the published web-link was dead. One guess is that Manip is simply embedded within the tools of Assemble; but if this is the case, it should be stated. 5. The structure summary from Fig. S6 should be moved to the main text (maybe combined with Fig. 8 ). The stereo image in Fig. S6 is not very useful; it would be much better to include a PDB file in the Supporting Info so that readers can actually see and manipulate the model. 6. The discussion makes it sound as if only one catalytic centre in the spliceosome has never before been proposed, which is not true. In fact, all data were quantified by phosphorimager analysis using the Quantity One software.
We now describe our quantification procedures in detail in the legend to Supplementary Figure 6A ), clearly show that U5 crosslinks to the intron as opposed to the exon as previously thought. In our previous analysis, the oligonucleotide complementary to the intron that we used did not lead to cleavage of any of the U5-containing crosslinks. The new analysis also allowed us to map the U5 crosslink to a region of the intron located ca 5-34 nucleotides downstream of the branchpoint as described in detail on pages 11-13 of the revised manuscript. These data are now included in Figure 6 , panel A. This new information has little bearing on the tentative position of U5 and no effect at all on the core RNA structure in our model. The new RNase H digestion data also clearly show that the crosslink previously assigned as a U2-U5 interaction, is in fact a double crosslink containing U2 crosslinked to the branchpoint and U5 crosslinked to the novel site downstream of the branchpoint. We now label this double crosslink U2/I/U5.
In his/her comment, we assume that the referee was referring to the old Figure 6 (now Figure   7) and was concerned about the intensity of the last reverse transcription stop obtained for U2 and U6 using the material eluted from the X, Y, and Z regions of the psoralen crosslink gel.
The Z region should contain mainly the U2/I/U5 and I/U2/U6 crosslinks the Y region I/U2, and the X region the I/U5 and U2/U6 hIIIr crosslinks. Consistent with U5 crosslinks being present predominantly in the Z and X regions, there is clearly a strong reverse transcription stop at U40 in the X and Z bands (and less in the Y band) when a U5 primer is used, both with C complexes formed on the PM5 pre-mRNA (Fig. 7A ) and on the MINXgg pre-mRNA (Fig. S7 ). This demonstrates that our primer extension analysis of the crosslinked RNAs is in general working.
The last stop observed when a U2 primer is used is U32 in all three bands and the intensity of this band is indeed weak, both with PM5 and MINXgg C complexes (Fig. 7B and   Fig. S7B ). The low signal is due to the formation of psoralen monoadducts at multiple U2 nucleotides between the primer annealing site and U32 (this is apparent from the multiple, strong stops observed prior to U32 in the gel). Based on the intensity of the U2 signal in the Northern blot, the Y band should contain the most U2 snRNA and one might expect that the U32 signal should be the strongest in the Y region. This is indeed the case with C complexes formed on the MINXgg pre-mRNA ( Figure S7B ), but not apparent with the PM5 substrate.
The reason for the latter is not clear, but there is smearing of the I/U2 and U2/U6 crosslinks into their neighboring regions, and the excision of the Z, Y, and X bands may not have been as precise as indicated in Figure 5 with the PM5 pre-mRNA, which could lead to more U2 in the Z and X bands than expected. Furthermore, the large number of monoadducts also makes quantitative comparisons more difficult. At any rate, the stop at U32 was reproducibly observed in all bands (as expected due to the presence of U2 in all bands) and also with C complexes formed on two different substrates. We are thus confident that U2 is crosslinked via U32.
The low intensity of the U6 primer extension stops are mainly due to the low amounts of U6 crosslinks present. Based on the Northern blot of psoralen crosslinking performed with PM5 C complexes, U6 appears to be most abundant in band Z, and with the PM5 C complex (Fig. 7C) there is indeed the highest signal with the Z band and the last stop is at the very 5' end of U6. This stop is consistent with this region of the gel containing a I/U2/U6 crosslink where U2 and U6 are crosslinked via helix II (which is downstream of the primer annealing site) thus leading to complete readthrough of the U6 snRNA. In bands Y and X, the U32 is the last stop (Fig. 7C) , indicating that the U6 crosslink is at this position. With the MINXgg C complex, the strongest signal (also at U32) is observed with the X band (Fig S7C) , which could reflect a more efficient formation of the U2/U6hIIIr crosslink with this pre-mRNA substrate. Nonetheless, our primer extension analyses clearly support the formation of a crosslink at U6 nucleotide U32 within the U2/U6hIIIr crosslinked species. As there does not appear to be any RNA other than U2 present, this result supports the formation of at least part of the previously proposed U2/U6 helix III (or minimally a U2/U6 tertiary interaction in this region) in the C complex. As our structure probing data are completely consisted with this interpretation, i.e. a clear protection of the involved region, an interaction between U6 and U2 in this region is supported by two independent data sets.
We agree with the referee that panel D of the previous Figure 6 was not very informative beyond showing the presence of the lariat in Y and Z. We therefore deleted this panel.
Altogether, this manuscript presents a model of interest but the data supporting it should probably be strengthened before publication. Moreover, their presentation should be improved (see also below).
We now demonstrate that our model of the RNA-network at the core of the spliceosome can be docked with the recently published crystal structure of a large portion of the Prp8 protein (see Fig. 9 ). As Prp8 is also at the core of the spliceosome, this result further supports the validity of our RNA network model.
We have also improved the figures and also extensively rewritten the manuscript with the goal of making it easier to understand.
Other points:
- Figure 1A: The various gels are poorly aligned making it difficult to compare data. This could easily be improved.
In this experiment it was necessary to run the samples on different gels on different days.
Lanes could theoretically be aligned if the pictures were unevenly stretched or otherwise changed. We would prefer not to do this as it would distort the original data. We have revised this part and now state in the Introduction: "U5 loop 1 ( Figure 1B ) is thought to align the exons for step 2 by contacting both splice sites (Newman & Norman, 1992; Dix et al, 1998; McConnell & Steitz, 2001; O'Keefe & Newman, 1998; Sontheimer & Steitz, 1993) ; but its function may be redundant as it is not essential for step 1 of splicing (O'Keefe et al, 1996; Ségault et al, 1999) . Due to space limitations, an extensive discussion about the role of U5 loop 1 has not been included.
Similarly, evidence for base pairing of the U6 snRNA to the 5' splice site is discussed throughout the paper (e.g., page 3, line 14; page 10 line 9 from bottom, Figure 8 
) without reference while a reference to a very hypothetical U5-U2 interaction is given (page 4, line 3).
We now include references for the U6/5'ss interaction and have deleted all reference to the hypothetical U5-U2 interaction.
Page 3, line 3: complex E is not presented. Why? Page 2, line 3 from bottom: beside DExD/H helicases, the spliceosome contains a GTPase and there is evidence for its implication in splicing complex dynamic. Why is this not presented?
Our goal was to provide a detailed picture of the generation of the catalytic centre. As the E complex is not involved in this, except for pre-organizing the step 1 reactants, it was not included in the original version of the manuscript. In the revised manuscript, the E complex is mentioned, in order to provide a complete picture of the steps of spliceosome assembly. We now mention the GTPase Snu114 on p.2, together with the DExD/H-type RNA helicases. Figure S6 In line with suggestions of referees #1 and #2, we have implemented a consistent colouring scheme of the RNA molecules throughout the manuscript. We have also fused the former We have extensively revised many parts of the manuscript with the goal of making it understandable for non-specialists. We now include a new Figure 1 that shows all the relevant RNA structure information. The RNA colour code used in Figure 1 is maintained in all of the figures throughout the manuscript. The crosslinks are summarized schematically in Figure 7D , where we also show the position of the oligonucleotides used in Figure 6B . We have also made changes to several other figures with the goal of making the manuscript easier to understand.
-Figure 8: The structural model is very difficult to visualize because the same color is used for different RNAs. It is sometime impossible to define which molecule is which.

Some general problems as examples:
The We have modified the abstract to include the method that was used. We no longer refer to U2 stemloop IIA or IIC in the abstract. Due to a strict word limit for the abstract, it is not possible to describe in detail what U5 loop1 is. We think it is clear that it is a substructure of U5 and, at least for those in the splicing field, the functional significance of U5 loop1 is well documented.
To read even the introduction, figures of U2, U5, and U4/6 are needed with ALL stems designated.
We now include a new Figure 1 with diagrams of U2, U5, and U4/U6 snRNAs where all stem-loops are clearly labelled. Additionally, a diagram of the first step catalytic centre is shown with helix and stem-loop designations. This should make it much easier for nonspecialist readers to follow the introduction. Figure 2 . The three-way junction is not labeled in Figure 2 or its legend.
The paragraph on page 4 that talks about a "shortened helix I" makes no sense because we do not know which helix I is meant. There is no helix I marked in
To clarify which helix it is, we have changed this to "a shortened U2/U6 helix I". U2/U6 helix I is shown in the new Figure 1 and also now in Figure 3 (previously Figure 2) . Both the 3-way junction and 4-way junctions are labelled in Figure 3A .
In many instances, where there is a relevant figure depicting an RNA structure, it is not referred to in the text.
Each time a new RNA structure is mentioned in the text, we refer to a relevant Figure. The two pre-mRNAs used should be diagramed in the Supplements.
A diagram of the PM5 and PM5-20 pre-mRNAs used in our studies, together with the MINXgg pre-mRNA, has been added as Supplementary Figure S1 .
On page 7, what is the "capping loop"?
We have removed this lab jargon, and replaced it by "loop of the hairpin".
It is not clear how the complexes were affinity-purified for analysis, what kind of beads were used, etc.
The experimental details are in the cited paper (Bessonov et al., 2008) . Nevertheless, we now have included more information about the affinity selection in the Materials and methods section (including the beads used), citing three additional references with technical details.
It needs to be shown where the antisense oligonucleotides target the snRNAs.
We now include this information in panels C and D of Figure 6 . We have removed any panels that contain redundant information. For the U2 data, we performed separate experiments comparing the B and C, and the Bact and C complexes. Only by showing both of these data sets, can comparisons be made between complexes not analysed in parallel (for example, B and Bact). Thus, it is important to show all of these panels. Likewise, to clearly see the protection pattern across the entire U2 molecule, two different primers must be used. The panels still shown in Figure S4 also contain nonredundant information. Figure legends, We have removed all redundant information as suggested. Fig. S1 , but the authors never explain how they integrated the bands (e.g. what software was used), if they accounted for background, or how they determined whether a modification was "weak, medium, or strong".
Helix
In
The quantification of the chemical mapping results is shown in
We apologize for not being more explicit with our quantification procedures. This has been corrected; see response to referee #2.
The 3D homology modeling needs to be described better. For example, why did the authors choose to use fragments of tRNA and 5S rRNA 3D structures in their overall model?
We are modelling by homology. The tRNA anticodon loop has a structure homologous to the U5 loop 1 for a number of reasons: (1) both loops are seven nucleotides long, (2) both loops contain a C-A pair, (3) by homology to the anticodon binding we could position the exon 1, and (4) from the recent crystal structure of the O. iheyensis group IIC intron, it is clear that the homologous exon binding site actually is similar to the tRNA anticodon loop. Of all existing AA bulges, the 5S rRNA appeared most similar to the AA bulge in U2/U6 helix I (Supplementary Figure 8C ) . We now show these structural homologies in Supplementary Figure S8 . On page 18 of the revised manuscript, we state " We modelled the U5 loop 1 on a tRNA anticodon loop because of their close structural and functional similarities (also, the EBS1 site of the O. iheyensis group II intron has a similar fold; see Supplementary Figure   8D ). We have overhauled the description of the homology modelling procedure. The programs used for modelling are now stated in detail in the Materials & methods section on pp 25. Fig. S6 should be moved to the main text (maybe combined with Fig. 8 ). The stereo image in Fig. S6 is not very useful; it would be much better to include a PDB file in the Supporting Info so that readers can actually see and manipulate the model.
It is also necessary to expand upon the description of this approach in the Methods
The structure summary from
We followed the suggestion of the referee and show the structure summary from Fig. S6 in the revised Figure 8 , and included the crosslink summary in Figure 6D . The model coordinates can be obtained from the corresponding authors. We have included a movie file of the docked model supplementary online.
6. The discussion makes it sound as if only one catalytic centre in the spliceosome has never before been proposed, which is not true.
We now state in the Discussion on p. 19 that "... our data suggest that this core does not change between the two catalytic steps, and thus that the spliceosome has only one catalytic centre, as also proposed previously by others (Steitz & Steitz, 1993) .." Page 20, line 6, ""Splicesosomes" should be "Spliceosomes"
All of these errors have been corrected.
